Aims: To determine the relation of the inhalation and dermal exposure routes and mutagenic activity in the urine of rubber workers (n = 105). Methods: Mutagenic activity of ambient total suspended particulate matter (TSPM), surface contamination wipes, and Sunday and weekday urine samples was assessed with S typhimurium YG1041 in the presence of a metabolic activation system. Each subject was grouped into one of two exposure categories for dermal exposure (high (>25 revertants/cm 2 ), low (<25 revertants/cm 2 )) based on the mutagenic activity detected on likely skin contact surfaces and into two airborne mutagenic exposure categories (high (>210 revertants/m 3 ), low (<210 revertants/m 3 )). The potential influence of skin aberrations and acetylation status (NAT2) on urinary mutagenicity levels was also evaluated. Results: A non-significant increase of +1605 revertants/g creatinine in urinary mutagenicity during the workweek relative to levels observed on Sunday was observed for the total population. Subsequent multivariate regression analyses, with the subjects' weekday urinary mutagenicity levels as the dependent variable, revealed associations with environmental and mainstream tobacco smoke exposure, with the level of mutagenic contamination on surfaces with which the subjects had likely contact, with the subjects' inhalable particulate exposure level, with observed mild skin aberrations, and when the subjects had a slow acetylation phenotype. Similar associations, although weaker were observed with Sunday urinary mutagenicity levels as well, except for the association with slow acetylation phenotype. Based on measured exposure levels it could be estimated that a high potential for exposure to surface contamination with mutagenic activity increased weekday urinary mutagenicity by about 62% when compared to low exposed workers, while high inhalable particulate exposure levels increased weekday urinary mutagenicity levels by about 21%. Subjects with mild skin aberrations had an additional, non-significant, increase in weekday urinary mutagenic activity compared to subjects without any skin aberrations. Discussion: Results suggest that the dermal exposure route may contribute more to the level of genotoxic compounds in urine of rubber workers than the inhalation route. Although the study was limited in size, the results warrant further investigation in the importance of and ways to effectively control the dermal exposure route in the rubber industry.
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I n several studies in the rubber manufacturing industry, mutagenic activity has been detected in chemicals used as raw materials, in airborne rubber dust and fume samples taken from the workplace, and in the urine of exposed rubber workers. 1 Although increased urinary mutagenicity levels have been detected in these workers, direct relations with external exposure levels have seldom been identified. [2] [3] [4] Only in a study of workers in an aircraft tyre retreading company was a direct relation between urinary mutagenicity and dermal exposure to cyclohexane soluble matter (CSM) found. 4 The suggestion that dermal exposure could be an important exposure route in the rubber industry has also been supported by the observation that the amount of CSM potentially available for uptake through the skin could be up to 10 times higher than through inhalation. 5 Recently, skin contact with contaminated surfaces and deposition of airborne contaminants on the skin were identified as important exposure determinants of dermal exposure to total organic matter in the rubber manufacturing industry. 5 6 Moreover, substantial mutagenic activity was detected on these contact surfaces, making dermal exposure to mutagenic compounds in the rubber manufacturing industry more than likely. 7 Although it is clear that substantial dermal exposure to mutagenic compounds occurs, no quantitative data are available on the actual dermal uptake of these compounds. Therefore, the relative contribution of the dermal exposure route in relation to the inhalation route for genotoxic exposures in the rubber manufacturing industry remains unclear.
Dermal absorption depends in general on the chemical and physical properties of the contaminant and on the actual concentration of the contaminant in the aqueous layer on the skin. Impairment of the skin barrier function can, however, drastically increase dermal uptake. [8] [9] [10] Skin aberrations, such as hand dermatitis and traumata of the skin, are a common occurrence in the rubber manufacturing industry, with prevalence rates for hand dermatitis up to 35% among rubber workers. 11 The high prevalence of skin impairments in this industry could potentially enhance dermal uptake and thereby increasing the relative importance of the dermal route in this industry.
This study was conducted to determine the relation between the inhalation and dermal exposure routes and mutagenic activity in urine of rubber workers, who were selected from a large cross-industry survey in the Netherlands. 11 12 Mutagenic activity of ambient total suspended particulate matter (TSPM), surface contamination, and Sunday and weekday urine samples was assessed with Salmonella typhimurium YG1041 in the presence of a metabolic activation system. The potential influence of skin aberrations and acetylation status (NAT2) on urinary mutagenicity levels was also evaluated.
MATERIALS AND METHODS

Study population
Selection of the study population is described in detail elsewhere. 12 13 In short, 224 male subjects, employed in nine rubber manufacturing companies (three rubber tyre, five general rubber goods, and one retreading company), were randomly selected based on their production function (for example, compounding and mixing, pretreating, moulding, curing, finishing, shipping, engineering service, and laboratory). Sample and data collection was conducted from January to July 1997 and was carried out within one week for each company; it comprised a medical survey, area and personal exposure measurements, and collection of biological samples. Informed consent was obtained after the study was explained to the subjects.
Each subject was grouped into one of four a priori exposure groups defined by: (1) dermal exposure, based on the median levels of mutagenic activity detected on likely skin contact surfaces (high (>25 rev/cm (a) Low TSPM mutagenicity and low surface mutagenic exposure levels (LL) (b) High TSPM mutagenicity and low surface mutagenic exposure levels (HL) (c) Low TSPM mutagenicity and high surface mutagenic exposure levels (LH) (d) High TSPM mutagenicity and high surface mutagenic exposure levels (HH).
No subjects matched the a priori categorisation of low TSPM mutagenicity and high surface mutagenic exposure levels (LH), leaving only three exposure groups (LL, HL, HH). From each of these exposure groups 20 non-smokers were randomly selected. Additionally, 20 current smokers were selected from both the LL and the HH exposure group. For subjects employed as technical engineers (n = 16) the work practices were too diverse to enable identification of relevant TSPM and surface wipe samples. However, technical engineers are workers with a potential for high dermal exposure levels and therefore were included in the present survey as a separate category. All subjects were full time employed. Subjects were administered a questionnaire, as part of the initial survey to collect information regarding age, medical history, personal hygiene, and lifestyle factors. Mainstream tobacco smoke and environmental tobacco smoke (ETS) intake was evaluated by assessing cotinine levels in both the Sunday and weekday urine samples.
14 Cotinine in urine was quantified by high performance liquid chromatography according to the method of Barlow and colleagues, 15 using the modifications described by Parviainen and Barlow. 16 Creatinine levels were used to estimate urinary dilution using a colometric test, based on the Jaffé reaction between creatinine and sodium picrate. Cotinine levels were expressed as µg/g creatinine.
Ambient exposure measures
Ambient exposure measurements were collected as described previously. 6 17 Briefly, TSPM exposure was measured on random selected days (Tuesday to Thursday) using a high volume sampler. 18 On average 1.8 samples were collected for each department within a company; samples within a department were subsequently pooled for mutagenicity analysis. Surface contamination was estimated by obtaining wipe samples of potential contact surfaces. Samples were taken by a modification of the OSHA wipe sampling procedure. 6 19 In the modified procedure, a surface area of 100 cm 2 of a potential contact surface was chosen as sampling area. The area was wiped three times consecutively with Clean cylce wet VDU wipes (Inmac) containing 70% water and 30% isopropyl alcohol.
Personal exposure measures
Personal exposure to inhalable particulate was measured on three consecutive days (Tuesday, Wednesday, and Thursday) by means of a PAS6 sampling head mounted near the breathing zone of the worker. 18 20 Personal dermal exposure to CSM was measured with a dermal pad sampler worn at the lower part of the wrist of the hand of preference on the same days as the exposure to inhalable particulate was measured. 5 21 CSM contents of inhalable and dermal exposure samples were determined by the NIOSH PCAM 217 method. 20 22 In short, samples were placed in cyclohexane (Merck, Darmstadt, Germany) and sonicated for 20 minutes. Suspension was filtered through a glassintertube G4 (Schott, Germany) and collected in a preweighed 10 ml vial. After evaporation of cyclohexane under nitrogen and subsequent drying for two hours at 40°C the residue was weighed by means of a microbalance. 12 No additional chemical analysis of the extract was performed.
Mutagenicity assays TSPM and surface contamination samples were extracted consecutively with cyclohexane (Merck), dichloromethane (Merck) and methanol (Merck) as described previously. 17 After evaporation of organic solvents under nitrogen at 40°C, the residue was dissolved in 2.5 ml of dimethylsulphoxide (DMSO) (Merck). 4 Spot urine samples were collected on Sunday, Wednesday, and Thursday at approximately the same time of the day (± 4 pm). Volumes, corresponding to 0.5 mmol of creatinine of the Wednesday and Thursday post-shift urine sample were pooled, resulting in a volume corresponding to 1.0 mmol of creatinine. Urine aliquots corresponding to 1.0 mmol of creatinine from Sunday and the pooled weekday urine sample were neutralised to pH 7.0 and extracted with XAD-2 resin (6 cm 3 bed volume) and eluted with 10 ml of acetone. After evaporation at 40°C, the residue was dissolved in 2.5 ml of DMSO. 4 TSPM (n = 83), surface contamination (n = 104), and urine (n = 232) extracts were assayed for mutagenic activity with Salmonella typhimurium YG1041 with S9 mix of aroclor 1254 induced rat liver (mean mutagenicity of references: spontaneous 144 (SD 19) rev/plate; positive control (2-aminopyrene, 0.1 µg/plate), mean 2584 (SD 232) rev/ plate). 23 24 DMSO extracts were assayed at five different dose levels in triplicate. For determination of mutagenic activity, the mean number of revertants was calculated for each dose level and subsequently a dose-response curve was constructed. The slope of the linear component was used as an estimate of mutagenic potency. 25 Mutagenicity of TSPM and surface contamination was expressed as revertants/m 3 (rev/ m 3 ) and as revertants/cm 2 (rev/cm 2 ), respectively. Urinary mutagenic activity was expressed as revertants/g creatinine (rev/g creat).
Acetylation status An aliquot of the Wednesday post-shift urine sample was taken and analysed for caffeine and metabolites, according to the procedure described by Grant and colleagues. 26 Designation of the acetylator (NAT2) phenotype was based on the ratio between 5-acetylamino-6-formylamino-3-methyluracil (AFMU) and 1-methylxanthine (1X). Results showed a clear bimodality of N-acetylation capacity with a ratio cut off point of 1.7 resulting in 61% slow and 39% fast acetylators.
Skin aberrations
Two dermatologists conducted a medical evaluation of current skin conditions. 13 Objective skin symptoms were used for the classification: active hand dermatitis ("major" dermatitis) (n = 6); the first symptoms of dermatitis ("minor" dermatitis) (n = 25); and skin injuries (traumata) (n = 17). 27 28 In the statistical analyses, subjects with minor dermatitis and/or traumata at the skin were classified as subjects with mild skin aberrations (n = 36). Subjects with "major" hand dermatitis with or without traumata were regarded as a separate group in these analyses, as in a previous study it was observed that workers with a clear eczematous skin ("major" hand dermatitis) consciously avoid skin aggravating activities, including several work practices.
11
Calculations and statistics Mean personal inhalable particulate, inhalable CSM and dermal CSM exposure was estimated using the James-Stein shrinkage estimator to maximise accuracy and precision of the exposure estimates. [29] [30] [31] In this computation a weighted mean (Θ gi ) of the individual (z gi ) and group mean (z g ) exposure is calculated based on a weighting factor (B g ) that determines the optimal combination of the group and individual means (equation 1). Subjects were grouped by production function (n = 8) and subsequently group means were calculated based on the individual mean exposures derived from the repeated personal exposure measurements. Within (S 2 ww ) and between worker (S 2 bw ) components of variance were estimated from the ln transformed exposure concentrations employing a one way nested random effects ANOVA model for each production function separately. The weighting factor (B g ) was estimated for a fixed number of repeated measurements (J = 3) on each individual using equation 2.
Surface mutagenic contamination was calculated by averaging the mutagenic activity levels of contact surfaces relevant for each subject. In these calculations, surface wipe samples were weighed equally regardless of the frequency and duration of contact with the particular surface. Mean ambient TSPM mutagenicity was calculated based on the pooled TSPM samples according to the work areas the subject was employed in. Cotinine corrected Sunday and pooled weekday urinary mutagenicity levels were calculated based on the algorithms found for the relation between the natural logarithms of urinary cotinine and urinary mutagenicity levels described previously.
14 Differences in geometric means of cotinine corrected mutagenicity levels between Sunday and weekdays for the total population and the a priori defined exposure groups were tested with Student's t test. Finally, a multivariate regression model was built to identify factors which contributed significantly to unadjusted ln transformed urinary mutagenicity levels. The results are presented separately for the Sunday and weekday urine samples. Possible differences in the regression coefficients (β) of the identified determinants between the Sunday and weekday urinary mutagenicity levels were subsequently studied in a mixed effect model with the inclusion of an interaction term between day (Sunday or weekday) and the identified determinants. The random effects part of the mixed effect model was used to allow for the fact that Sunday and weekday urinary mutagenicity levels were derived from repeated urine samples of the same subject. All statistical analyses were performed using SAS version 6.12 software. 32 
RESULTS
Of the 116 selected subjects, 105 (90.5%) had complete data concerning exposure estimates, current skin condition, urinary cotinine, and urinary mutagenicity levels. No systematic differences (as far as available) in smoking habits, urinary cotinine, and mutagenic activity levels were observed for subjects with incomplete data (n = 11) or those with complete data (n = 105). Subsequently, results presented in this paper are based on these 105 subjects. Table 1 presents an overview of selected characteristics of the study subjects and summary statistics of the exposure parameters. Table 2 presents mean mutagenic TSPM and surface contamination levels for the four a priori defined exposure groups. The exposure groups HL and HH both had significantly higher TSPM mutagenicity levels than exposure group LL (t test, p < 0.0001). Exposure group HH exhibited significantly higher surface mutagenic contamination levels than exposure groups LL and HL (t test, p < 0.0001). No statistical difference was observed between the exposure groups HL and HH and between exposure groups LL and HL with regard to respectively TSPM and surface mutagenicity. These results confirm the intended differences (contrast) in ambient mutagenic exposure profiles between the four a priori defined exposure groups. Figure 1 shows geometric means of cotinine corrected urinary mutagenicity levels for the a priori defined exposure groups. Non-smokers (A) and current-smokers (B) had similar patterns in Sunday and weekday urinary mutagenicity for the different exposure groups, with the exception of a borderline significant difference in cotinine corrected Sunday urinary mutagenicity levels between smokers and nonsmokers within the exposure group HH (t test, p = 0.10). To increase the number of subjects per exposure group, smokers and non-smokers were subsequently pooled (C). A nonsignificant increase of +1605 rev/g creat in urinary mutagenicity during the workweek relative to levels observed on Sunday was observed for the total population (t test, p = 0.08). The increase was most pronounced among technical engineers (+4196 rev/g creat; t test, p = 0.08) and subjects who were exposed to high levels of airborne mutagenicity levels and had a high potential for dermal contact with surfaces contaminated with substances exhibiting mutagenic activity (+3206 rev/g creat; t test, p = 0.12).
Multivariate regression analyses revealed that the exposure group HH had an almost twofold increase (β = 0.64 and e 0.64 = 1.9; p = 0.01) in weekday urinary mutagenicity levels relative to the LL exposure group (table 3) while no statistically significant differences in Sunday urinary mutagenicity levels between these exposure groups could be detected. In addition, slow acetylation phenotype (β = 0.44; p = 0.04) and mild skin aberrations (β = 0.42; p = 0.06) was also found to be associated with increased weekday urinary mutagenicity levels. Interestingly, subjects with mild skin aberrations tended to also have higher Sunday urinary mutagenicity levels (β = 0.50; p = 0.09). Further statistical analyses with area and personal exposure measures as continuous variables resulted in the model presented in table 4 . In concordance with earlier results a strong association was observed between surface mutagenicity and urinary mutagens while TSPM mutagenicity exhibited no apparent association. Personal inhalable particulate exposure was also found to be associated with increased urinary mutagenicity levels. Interestingly, the observed associations between the exposure measures and weekday urinary mutagenicity were statistically not different from the observed relations between these exposure measures and Sunday urinary mutagenicity levels, except Figure 1 Geometric mean and 95% upper confidence limit of cotinine corrected urinary mutagenicity levels (rev/g creatinine) for the four a priori defined exposure groups. Table 3 Relation between urinary cotinine, NAT2 phenotype, skin aberrations, and the a priori defined exposure groups and Sunday and weekday urinary mutagenicity levels (rev/g creatinine) of rubber manufacturing workers (n=105) for slow acetylation phenotype which only exhibited a significant relation with the weekday urinary mutagenicity levels.
DISCUSSION AND CONCLUSIONS
We studied mutagens in urine of rubber workers in relation to inhalable and dermal exposure. In addition, the potential influence of skin aberrations and acetylation status on urinary mutagenicity levels was addressed. Inhalable and dermal exposure assessment was based on area and personal exposure measurements. Area measurements were used to assess potential mutagenic exposure conditions encountered in the rubber manufacturing industry as personal exposure samples did not result in enough collected material to be tested in the Ames mutagenicity assay. The collected TSPM and surface contamination samples were tested for mutagenicity with S typhimurium YG1041 in the presence of a metabolic activation system. The strain YG1041, with elevated levels of nitroreductase and O-acetyltransferase, was shown in a previous study to be highly sensitive for detecting mutagenicity in rubber dust and fume samples. 17 Assignment of ambient mutagenic exposure levels to the individuals was based on the work area the subject was employed in and actual tasks performed. Mean individual TSPM and surface mutagenicity levels were calculated independent of duration of contact with a particular surface or residence time in a particular work area. Therefore these estimates could have been imprecise, as indicated by the moderate but significant correlation between personal inhalable and ambient particulate matter concentrations (r = 0.55, p < 0.0001). However, TSPM and surface mutagenic exposure levels are to a large extent determined by company specific factors and to a lesser extent by production functions within a company. 7 Although individuals may work in different areas they do not work in more than one production function or company. Therefore, exposure misclassification in individual estimates of external mutagenic exposure conditions based on ambient mutagenic TSPM and surface contamination levels will most likely have been limited, resulting in a justifiable relative ranking between subjects from different companies and production functions.
Personal exposure estimates of inhalable particulate, inhalable CSM, and dermal CSM exposure were calculated based on a weighted mean of the individual and group mean exposure to maximise accuracy and precision of the exposure estimates. 31 Estimates of exposure based on individual means may result in attenuation of the exposure-response relation while grouped estimates may control attenuation bias but may result in a decrease of the precision. 33 34 Combining individual and group estimates can simultaneously control both types of error. The variability in personal exposure measures was almost equally distributed between and within subjects. The James-Stein exposure estimate was therefore largely based on the calculated mean individual exposure estimates (median weighing factor (B g ) for inhalable particulate, inhalable CSM, and dermal CSM was respectively 0.19, 0.22, and 0.27). Not surprisingly, additional statistical analyses using the calculated mean individual exposure levels, for example without shrinkage to the group mean, showed a similar, but weaker association between inhalable particulate and urinary mutagenicity levels (not shown).
The results of this study showed a borderline statistical significant increase in urinary mutagens of rubber workers during the workweek relative to Sunday. The increase in urinary mutagenicity was most pronounced among technical engineers and subjects with potentially high TSPM and surface mutagenic exposure levels. No increase in urinary mutagenicity was observed among subjects with a high TSPM but low surface mutagenic activity. Further statistical analyses using mutagenic activity of contact surfaces as a continuous variable confirmed the relation between mutagenicity of likely contact surfaces and urinary mutagenicity levels, while again no association was found between TSPM mutagenic activity levels and mutagens in urine of rubber workers. However, personal particulate exposure estimates were found to be associated with increased urinary mutagenicity levels. A similar association was also observed with ambient particulate exposure estimates and urinary mutagenicity (not shown). The fact that an association was found with the mass of the airborne particulate exposure but not with the mutagenic activity of the airborne particulates suggests the existence of non-extractable particle bound mutagenicity. This hypothesis is strengthened by the fact that no association was found between the mass of the extractable organic matter (inhalable CSM exposure) and urinary mutagenicity (not shown). The existence of non-extractable bound bioactive material to the surface of airborne rubber dust particles was also shown previously in a study by Alink and colleagues. 35 In their study, 83% of the inhibition of the gap-junctional intercellular communication could be attributed to bioactive material tightly bound to the surface of the particulate matter, while only 17% of the observed effect could be attributed to bioactive material present in the extract. As a result, the a priori defined exposure groups might have had limited value with regard to airborne mutagenic exposure conditions.
Identified associations between occupational exposure estimates and urinary mutagenicity were not statistically different for the pooled weekday urine samples and Sunday urine samples, though in most instances the observed associations with Sunday urinary mutagenicity were statistically weaker. Urinary mutagens from workplace exposure in the Sunday urine collection could originate from inhaled particles trapped in the lung or in pores of the skin resulting in prolonged exposure and/or due to a long half life of the detected mutagens. As significant occupational related (residual) urinary mutagenic activity was detected in the Sunday urine samples; these samples cannot be regarded as "clean" baseline samples and therefore cannot be used as a subject's own control. Consequently, the use of the ratio or absolute difference between Sunday and weekday urinary mutagenicity levels would have resulted in an underestimation of the mutagenic effect. Subjects with mild skin aberrations ("minor" dermatitis and traumata) showed higher urinary mutagenicity levels than subjects with a normal skin barrier function. This association was stronger in the regression analyses that included the technical engineers (table 3) . Technical engineers had a high prevalence of minor dermatitis and traumata of the skin, 33% and 22%, respectively. Exclusion of this exposure group from subsequent regression analyses because of missing ambient mutagenic exposure estimates, resulted in the loss of statistical power and consequently the loss of statistical significance. In several volunteer studies it has been shown that mild skin barrier damage could dramatically increase percutaneous penetration. 8 36-38 However, the magnitude of the effect depends greatly on the chemical properties and clinical manifestation of the disease. 39 In this study, an indication was found for an increase in uptake of genotoxic compounds among subjects with mild dermatitis and traumata of the skin at time of the survey, but not for subjects with major dermatitis. In a previous study it was shown that rubber workers often did not regard their impaired skin (for example, minor dermatitis) as a disease and therefore did not alter their working practice. 13 However, in the case of major dermatitis changes in behaviour were observed with regard to skin aggravating risk factors. 11 The results of this study corroborate that observation.
Slow acetylators had significantly higher weekday urinary mutagenicity levels than fast acetylators. NAT2 modulation of urinary mutagenicity has been found in several studies of subjects exposed to aromatic amines. [40] [41] [42] In addition, slow acetylation status has been associated with an increase in urinary bladder cancer risk among subjects with past occupational exposure to aromatic amines. 43 Remarkably, NAT2 phenotype only influenced urinary mutagenicity levels during the working week, while the other determinants significantly affected both weekday and Sunday urinary mutagenicity levels. The observed relation between urinary mutagenicity and the measured exposure (inhalable particulate, surface mutagenicity) were therefore probably not modulated by NAT2 dependent enzyme activities, which points towards other NAT2 modulated (occupational) exposures with a relative short half life that were not quantified as such with the used sampling and/or analytical techniques. This is corroborated by the fact that no interaction was observed between the exposure estimates and acetylation status on urinary mutagenicity.
Based on measured exposure levels (3rd quartile (Q3, high) versus 1st quartile (Q1, low)) and estimated effect (β) it can be estimated that a high potential for exposure to surface contamination with mutagenic activity increased weekday urinary mutagenicity by about 62%, while high inhalable particulate exposure levels increased weekday urinary mutagenicity by about 21%.
The results of this study suggest that the dermal exposure route may contribute more to the level of genotoxic compounds in urine of rubber workers, than the inhalation route. The fact that subjects with mild skin aberrations possibly had an additional increase in urinary mutagenicity is important, as the prevalence rate of these unfavourable skin conditions is high in the population of workers in the rubber manufacturing industry. Although the study was limited in size, the results warrant further investigation into the importance of and ways to effectively control the dermal exposure route in the rubber manufacturing industry.
